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Abstract
Chromatin remodeling is required for genome function and is facilitated by ATP-dependent 
complexes, such as the nucleosome remodeling and deacetylase (NuRD). Among its core 
components is chromodomain helicase DNA binding protein 3 (CHD3) whose functional 
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significance is not well established. Here, we show that CHD3 co-localizes with other NuRD 
subunits, including HDAC1, near H3K9ac-enriched promoters of NuRD target genes. The tandem 
PHD fingers of CHD3 bind histone H3 tails and posttranslational modifications that increase 
hydrophobicity of H3K9 – methylation or acetylation (H3K9me3 or H3K9ac) – enhance this 
interaction. Binding of CHD3 PHDs promotes H3K9Cme3-nucleosome unwrapping in vitro and 
perturbs the pericentric heterochromatin structure in vivo. Methylation or acetylation of H3K9 
uniquely alleviates the intra-nucleosomal interaction of histone H3 tails, increasing H3K9 
accessibility. Collectively, our data suggest that targeting of covalently modified H3K9 by CHD3 
might be essential in diverse functions of NuRD.
eTOC
Tencer et al. find that CHD3 co-localizes with other subunits of the NuRD complex and H3K9ac 
at NuRD target genes. The authors further demonstrate that the PHD fingers of CHD3 associate 
with histone H3 tails, and this association is augmented through methylation or acetylation of 
H3K9.
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Introduction
Chromatin structure is spatially and temporally regulated throughout the lifecycle of the cell 
and in response to external stimuli. This regulation is driven by two major mechanisms – 
post-translational modifications (PTMs) of histone proteins and ATP-dependent remodeling 
of nucleosomes. Histone modifications can directly impact nucleosome structure and 
dynamics or they can mediate the association and activity of chromatin co-factors (Cosgrove 
et al., 2004; Strahl and Allis, 2000). ATP-dependent chromatin remodelers act through 
disrupting contacts between histones and DNA, promoting nucleosome sliding, nucleosome 
disassembly and assembly, and eviction of histones (Clapier and Cairns, 2009; Narlikar et 
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al., 2013). In mammals, there are four ATP-dependent chromatin remodelers, CHD 
(chromodomain helicase DNA binding), ISWI, INO80 and SWI/SNF-like or BAF, with each 
harboring a conserved SNF2/SWI2-like catalytic domain and distinguished by varied 
auxiliary domains. Studies of Drosophila chromatin remodelers reveal that although each 
remodeler has individual features, ISWI pushes nucleosomes away from its binding site 
decreasing nucleosome density, whereas other remodelers, including CHD, pull 
nucleosomes together increasing nucleosome density at their binding sites (Moshkin et al., 
2012).
The CHD family of ATPases contains nine members (CHD1–9) that are split into three 
subfamilies. Subfamily II consists of CHD3, CHD4 and CHD5, which are alternative 
components of the NuRD (nucleosome remodeling and deacetylase) complex (Fig. 1a and 
b). NuRD alters chromatin structure and DNA accessibility and regulates gene transcription 
utilizing ATP-dependent remodeling activity of the CHD subunit and histone deacetylase 
activity of the HDAC1/2 subunit – thus coupling both regulatory mechanisms (Tong et al., 
1998; Wade et al., 1998; Xue et al., 1998; Zhang et al., 1998). The NuRD complex is 
required for specific gene silencing during differentiation of embryonic stem cells and 
neurons, reprogramming somatic cells, gene repression throughout the cell cycle, and 
transcriptional regulation of tumor suppressors (Cai et al., 2014; Ingram et al., 2013; Rais et 
al., 2013; Ramirez et al., 2012; Whyte et al., 2012; Yamada et al., 2014; Yang et al., 2016). 
Aberrant activity of the NuRD complex is associated with human diseases, including cancer 
and cardiovascular, neurodegenerative, and developmental disorders (Allen et al., 2013; 
Denslow and Wade, 2007; Gomez-Del Arco et al., 2016; Lai and Wade, 2011; Li and Mills, 
2014; Pegoraro et al., 2009). Though CHD3, CHD4 and CHD5 are highly homologous, they 
form distinct NuRD complexes, and the combinatorial assembly of the complexes is thought 
to provide functional specificity. This was recently elegantly demonstrated in the 
development of the mouse cortex, where incorporation of each CHD was shown to control 
different sets of genes that mediate non-redundant aspects of development (Nitarska et al., 
2016). Differential expression of CHD3, CHD4 and CHD5 is also observed in multiple 
tissues and disease stages (Bagchi et al., 2007; Bergs et al., 2014; Kolla et al., 2015; Wille et 
al., 2016). A longer CHD3 isoform has a SUMO-interacting motif at its C-terminus that 
associates with SUMOylated KAP-1. This interaction is necessary for heterochromatin 
compaction and silencing KAP-1 regulated genes (Goodarzi et al., 2011; Stanley et al., 
2013).
The CHD3–5 subfamily is characterized by the lack of a conventional C-terminal DNA 
binding domain and the presence of a tandem of PHD fingers at the N-terminus (Fig. 1a). 
PHD fingers compose a family of histone binding domains or epigenetic readers that 
recognize the N-terminal tail of histone H3 and are sensitive to unique patterns of histone 
PTMs (Musselman and Kutateladze, 2011). The PHD fingers of CHD4 and CHD5 have 
been shown to associate with the H3 tail and display sensitivity to various modifications on 
residues 3–10 of H3 (Garske et al., 2010; Mansfield et al., 2011; Musselman et al., 2009; 
Oliver et al., 2012). The histone-binding activity of PHDs is necessary for CHD4/NuRD-
mediated repression (Musselman et al., 2012b) and tumor suppressor function of CHD5 
(Kolla et al., 2014; Paul et al., 2013); however, the precise role of the PHD fingers of CHD3 
remains elusive. Here, we demonstrate that CHD3 co-localizes with other subunits of the 
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NuRD complex and H3K9ac at NuRD target genes. Both PHD fingers of CHD3 associate 
with histone H3 tails, and this association is augmented through methylation or acetylation 
of H3K9. Our findings suggest that the ability of CHD3 to sense covalently modified H3K9 
may be important for multiple functions of NuRD.
Results and Discussion
CHD3 co-localizes with HDAC1, MTA3 and H3K9ac at NuRD-target genes
Growing evidence suggests that CHD3-containing and CHD4-containing NuRD complexes 
have both overlapping and non-overlapping functions. While the CHD4/NuRD complex has 
been in the focus of many studies, much less is known regarding the CHD3/NuRD complex. 
To determine if CHD3 co-localizes in vivo with other subunits of the NuRD complex, such 
as HDAC1 and MTA3, we analyzed chromatin immunoprecipitation (ChIP)-seq datasets 
generated by the ENCODE consortium in K562 cells and in LNCaP cells for CHD3 
(Consortium et al., 2007). We found that CHD3 is recruited to >5,600 genomic regions (Fig. 
1c). Approximately 57% (3208 out of 5629) of these regions overlap with the regions 
occupied by HDAC1, and 52% of the CHD3-bound regions overlap with the HDAC1-
MTA3-bound regions. These results suggest a strong co-occupancy of CHD3 with other 
components of the NuRD complex genome-wide.
Subsequent examination of histone PTMs revealed that ~60% (3137 out of 5292) of the 
CHD3 binding sites overlap with acetylated K9 of histone H3 (H3K9ac), a mark associated 
with active gene transcription, and only 8% (431 out of 5292) overlap with trimethylated K9 
of histone H3 (H3K9me3), a mark associated with condensed heterochromatin (Fig. 1d). 
The NuRD complex has been shown to localize to promoter-proximal regions of 
transcriptionally active genes to largely downregulate expression (Reynolds et al., 2012a; 
Reynolds et al., 2012b; Xie et al., 2012). We chose a set of reported NuRD targets (Reynolds 
et al., 2012a; Yang et al., 2016) to assess CHD3 binding. Variable amounts of CHD3 were 
detected near promoters of many of the genes examined (data not shown), including KLF4, 
TBX3 and WNT9A (Fig. 1e); however, there were a number of NuRD targets lacking 
CHD3. For instance, CHD3 was below detectable level at CPNE7, DCTN3 and KLF5 
(Suppl. Fig. S1). CHD3 binding correlated tightly with H3K9ac and was most evident near 
the transcription start sites (TSS) of the genes, although broader distribution throughout gene 
bodies was also observed. Other components of the NuRD complex, specifically HDAC1 
and MTA3, occupied the same H3K9ac-enriched regions as CHD3, suggesting formation of 
the CHD3-containing complex at these binding loci. We next examined whether CHD3 and 
CHD4 are mutually exclusive NuRD subunits or they can be recruited to the same genomic 
regions. As shown in Fig. 1e, CHD3 and CHD4 co-occupied the WNT9a and KLF4 
promoters, however CHD4 was not detected at TBX3. Conversely, CHD4 bound to the 
KLF5 promoter, whereas CHD3 did not (Suppl. Fig. S1). The varied degree co-localization 
of CHD3 and CHD4 supports the idea that the CHD3/4-NuRD complexes can possess both 
distinct and redundant functions.
Interestingly, CHD3, CHD4, HDAC1 and MTA3 co-localized at promoters of the NuRD 
components, most notably HDAC1, RBBP4, MTA2 and MBD3 genes (Suppl. Fig. S2). This 
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co-localization suggests a feed-forward role of the CHD3/NuRD complex in mediating 
expression of its own subunits (Mishra et al., 2016; Schuettengruber et al., 2003).
PTMs on H3K9 enhance binding of the CHD3 PHD fingers to histone H3
Depletion of the Drosophila homolog of CHD3/4, MI2, results in a severe loss of the histone 
H3 ChIP signal at NuRD binding sites, suggesting that nucleosome occupancy depends on 
its ATPase subunit (Moshkin et al., 2012). As CHD3 contains two sets of reader candidates, 
the PHD fingers (PHD1 and PHD2) and two chromodomains, we investigated binding of the 
former to histones. Each PHD finger of CHD3 was individually cloned, expressed as 15N-
labeled protein, and examined by NMR (Fig. 2). 1H,15N Heteronuclear single quantum 
coherence (HSQC) spectra of PHD1 and PHD2 showed well dispersed resonances, implying 
that both domains are independently folded (Fig. 2a and d). Gradual addition of the 
unmodified (un) H3 peptide corresponding to the residues 1–12 of histone H3 tail to the 
NMR samples of PHD1 or PHD2 caused substantial chemical shift perturbations (CSPs), 
indicating direct binding between PHDs and H3un (Fig. 2a and d, left panels).
To assess the effect of PTMs commonly found in histone H3 on binding of CHD3 PHDs, the 
H3K9me3, H3K9ac and H3K4me3 peptides were probed in the 1H,15N HSQC titration and 
tryptophan fluorescence experiments (Fig. 2). Analysis of NMR CSPs revealed that the 
K9me3 modification enhances binding of both domains to H3 [compare crosspeaks in the 
left and middle panels at the protein:peptide ratio of 1:0.5 (red) in Fig. 2a and d], whereas 
the K4me3 modification had strong inhibitory effects. The dissociation constants (Kds) for 
the interactions of PHD1 and PHD2 with H3K9me3, H3K9ac and H3un were measured by 
tryptophan fluorescence and found to be 37 µM, 58 µM and 75 µM for PHD1, and 11 µM, 
37 µM and 33 µM for PHD2, respectively (Fig. 2b, c, e and f). These values fall in the range 
of binding affinities of many other epigenetic readers (Andrews et al., 2016; Musselman et 
al., 2012a; Patel and Wang, 2013; Taverna et al., 2007).
Although trimethylation of H3K9 had a greater effect, facilitating binding of PHD2 by ~3-
fold and binding of PHD1 by ~2-fold, we also observed an increase in binding affinities of 
both PHD1 and PHD2 to the acetylated H3K9 peptide compared to the unmodified H3 
peptide. In support, the enhancement of binding to acetylated or methylated H3K9 has also 
been reported for the PHD2 finger of homologous CHD4 (Musselman et al., 2009). The 
structure of the CHD4 PHD2 finger in complex with H3K9me3 provides an explanation for 
such an enhancement (Fig. 2g) (Mansfield et al., 2011). In the complex, K9me3 is engaged 
in hydrophobic and cation-π interactions with a phenylalanine of the protein (Mansfield et 
al., 2011). Methylation and acetylation of lysine are both known to augment interactions 
with aromatic residues due to the increased hydrophobicity. The phenylalanine of CHD4 
PHD2 is replaced with a tyrosine in CHD3 PHD2 and a tyrosine is present at the same 
position in PHD1 of CHD3 (Fig. 3a, indicated by red dot). Therefore it is possible that PHDs 
of CHD3 utilize similar mechanisms as PHD2 of CHD4 does to favor methylation or 
acetylation of H3K9 (Musselman et al., 2009). Clearly, both PTMs would have a more 
profound positive effect on the histone-binding activity of CHD3 if PHDs were capable of 
making simultaneous contacts with histone tails, which in turn are restrained by the 
nucleosome structure. In agreement, full length CHD3 has been shown to prefer H3K9me3-
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enriched nucleosomes to unmodified nucleosomes isolated from HeLa cells (Klement et al., 
2014).
The linked PHD fingers (PHD1/2) in CHD3 associate with individual histone peptides
A short linker between the PHD fingers is the least conserved region in the homologous 
CHD proteins (Fig. 3a). The CHD3 linker consists of 27 residues compared to 29 residues 
and 23 residues in CHD4 and CHD5, respectively, and is the most acidic of the three, 
containing 63% negatively charged amino acids. Overlay of 1H,15N HSQC spectra for the 
apo-states of PHD1, PHD2, and natively linked PHD1/2 of CHD3 demonstrates that 
resonances corresponding to the linker residues are degenerate in the proton dimension and 
have high intensity compared to resonances of the folded domains, implying that the linker 
in CHD3 is unstructured and flexible (Suppl. Fig. S3). Although several resonances 
corresponding to the PHD fingers themselves display small CSPs compared to the unlinked 
domains, a considerable spectral overlap suggested that the overall fold of both domains 
remains largely unchanged when they are connected.
We next tested if the histone binding activity is preserved in the linked CHD3 PHDs. 
Titration of the H3K9me3 peptide into 15N-labelled PHD1/2 led to large CSPs, indicative of 
the interaction (Fig. 3b, left). A close examination of the pattern of CSPs revealed two 
distinct binding events. One subset of resonances exhibited changes consistent with tighter 
binding, saturating at a ~two-fold excess of H3K9me3, and another subset exhibited changes 
consistent with weaker binding, having not fully saturated at a ~10-fold excess of the 
peptide. Superimposition with NMR spectra of the individual domains confirmed that 
resonances associated with the tighter binding event all correspond to residues in PHD2, 
whereas resonances associated with the weaker binding event all correspond to residues in 
PHD1. Altogether these data suggest that each CHD3 PHD finger in the linked PHD1/2 
construct recognizes a distinct histone peptide and that PHD2 binds with higher affinity than 
PHD1. Titration of the H3K4me3 peptide into the PHD1/2 NMR sample induced CSPs 
consistent with a much weaker association (Fig. 3b, right). Thus, methylation of K4 in 
histone H3 inhibits binding of the CHD3 PHD fingers either separated or linked.
To compare the effect of PTMs in more detail, we tested GST-fused CHD3 PHDs in 
solution-based peptide pull-down assays. The GST-PHD1/2, GST-PHD1 and GST-PHD2 
proteins were incubated with biotinylated histone peptides (residues 1–20 of H3) and 
streptavidin-coated magnetic beads. The histone peptide-bound proteins were detected by 
Western blot (Fig. 3c and d). In agreement with NMR data, methylation or acetylation of 
H3K9 enhanced binding of the linked PHD1/2 fingers (Fig. 3c). The binding of PHD1/2 was 
progressively increased from mono- to di- and tri-methylated H3K9: the higher methylation 
state of H3K9 led to the tighter interaction. When the GST-PHD1/2, GST-PHD1 and GST-
PHD2 blots were overexposed to the same degree, at which binding of PHD1/2 was evident, 
association of individual PHD1 and PHD2 with the same histone peptides was barely 
detectable, indicating that the linked PHD1/2 is a more robust reader (Fig. 3d). Indeed, 
apparent KdS measured by tryptophan fluorescence showed that the linked PHD1/2 fingers 
bind to either peptide nearly 102 fold stronger than the unlinked individual domains bind 
(Fig. 2b and Fig. 3e–h). Furthermore, a ~3–4-fold enhancement in binding to H3K9me3 and 
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H3K9ac over binding to unmodified H3 peptide was conserved in the linked PHD1/2 
fingers.
Natively linked PHDs engage histone H3 tails in nucleosomes
To determine whether the linked PHD1/2 in CHD3 concurrently bind histone tails in 
nucleosomes, we generated nucleosome core particles (NCPs) and used them in 1H,15N 
transverse relaxation optimized spectroscopy (TROSY) experiments (Fig. 4a). Upon titrating 
NCPs into 15N-labelled PHD1/2, we observed a continual decrease in intensity of amide 
resonances in PHD1/2 and only small CSPs. The loss of signal intensities was likely due to 
the formation of a large, >220 kDa NCP/CHD3-PHDs complex, characterized by slow 
correlation time. Much like in the NMR experiments with peptides, two distinct binding 
events were observed: PHD2 resonances broadened at lower molar ratios of the nucleosome 
than PHD1 resonances, indicating that PHD2 has a higher affinity and PHD1 has a lower 
affinity (Fig. 4a). Nevertheless, resonances of both PHDs were perturbed, implying that both 
bind to H3 tails.
The apparent dissociation constant for the interaction of CHD3 PHD1/2 with H3K9Cme3-
NCP, the nucleosome carrying a methyllysine analogue at position 9 of H3, was measured 
by fluorescence polarization (Kd =1.4 µM) (Fig. 4b) and substantiated by electrophoretic 
mobility shift assay (EMSA) (Fig. 4c). The CHD3 PHD1/2 was incubated with H3K9Cme3-
NCP at various molar ratios, and the reaction mixtures were resolved on a 5% native 
polyacrylamide gel (Fig. 4c). A gradual increase in amount of added CHD3 PHD1/2 resulted 
in a shift of the H3K9Cme3-NCP band visible at 3 µM, indicating formation of the 
H3K9Cme3-NCP-CHD3-PHD1/2 complex. Additional bands observed at 10 µM and 30 µM 
corresponded to slower migrating species and suggested that CHD3 PHD1/2 might be 
involved in multivalent interactions with H3K9Cme3-NCP.
Interaction of CHD3 PHD1/2 with H3 promotes destabilization of H3K9Cme3-NCP
The consequence of the interaction of CHD3 PHD1/2 with H3 tails on the nucleosome 
stability and dynamics was investigated by FRET. We reconstituted NCPs using the 147 bp 
Widom 601 DNA, in which bases 8–27 were replaced with the transcription factor LexA 
(LA) binding site (Fig. 5a). In addition, the Cy3 donor fluorophore was attached to the 5 
prime end of the 601 DNA adjacent to the LA site, and the Cy5 acceptor fluorophore was 
attached to histone H2A(K119C) (Musselman et al., 2013). We anticipated that in the intact 
conformation of the nucleosome, the FRET signal should be maximal due to close proximity 
of fluorophores, whereas destabilization of the nucleosome due to DNA unwrapping would 
reduce FRET. A substantial decrease in FRET was observed upon titrating LA into wild type 
Cy3-Cy5-NCP, and in agreement with previous studies (Li and Widom, 2004; North et al., 
2013), the LA concentration at which FRET efficiency is reduced by half (S1/2) was 
measured to be 1.9 ± 0.4 µM (Fig. 5b). A similar value of LA S1/2 (1.1 ±0.1 µM) was 
obtained in the reaction with Cy3-Cy5-H3K9Cme3-NCP, indicating that H3K9Cme3 itself 
does not significantly alter nucleosome accessibility.
To examine whether CHD3 PHD1/2 impacts the nucleosome stability, we first titrated Cy3-
Cy5-H3K9Cme3-NCP with CHD3 PHD1/2 up to 300 µM and detected no measurable 
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change in the FRET efficiency (Suppl. Fig. S4). However when PHD1/2 was titrated into 
Cy3-Cy5-H3K9Cme3-NCP in the presence of LA at a concentration equivalent to the LA 
S1/2, the FRET efficiency was reduced substantially, pointing to an increased accessibility of 
DNA to LA and yielding a S1/2=60 µM for CHD3 PHD1/2 (Fig. 5c). These results indicate 
that binding of CHD3 PHD1/2 to H3K9Cme3-NCP further promotes nucleosome 
unwrapping and that both PHD1 and PHD2 of CHD3 must be fully engaged with histone 
tails to alter the H3K9Cme3-NCP dynamics.
CHD3 PHD1/2 perturb the heterochromatin structure
To test the ability of CHD3 PHD1/2 to affect the nucleosome dynamics in vivo, we 
transfected HEK293T cells with a green fluorescent protein (GFP)-fusion construct of 
PHD1/2 (GFP-CHD3-PHD1/2) and examined changes in pericentric heterochromatin 
structure (Fig. 5d). GFP+ cells were sorted 48 hours post transfection and the subcellular 
localization of GFP was assessed by fluorescence microscopy. As anticipated, in control 
cells expressing only GFP-tag we observed the focal accumulation of pericentric 
heterochromatin markers, H3K9me3 and HP1γ (Fig. 5d, top panel). However in cells 
transfected with GFP-CHD3-PHD1/2, both H3K9me3 and HP1γ were redistributed (Fig. 
5d). In contrast, no changes were detected in localization of H4K20me3 and HP1 a markers, 
indicating that the effect of CHD3 is specific to H3K9me3 and HP1γ (Fig. 5d, two bottom 
panels). HP1γ is known to associate with spatially proximal nucleosomes via binding to 
H3K9me3 and dimerization and play a critical role in heterochromatin formation and 
spreading (Canzio et al., 2011). It has also been shown that histone-binding functions of 
both PHD fingers of homologous CHD4 is necessary to disrupt the pericentric 
heterochromatin assembly (Musselman et al., 2012b). Our data suggest that similar to 
CHD4, CHD3 PHD1/2 fingers could compete with HPIγ for H3K9me3-containing tightly 
packed nucleosomes in heterochromatin regions, resulting in displacement of HP1γ and 
redistribution of H3K9me3. The changes in pericentric heterochromatin structure induced by 
CHD3 PHD1/2 further support the idea that this region of CHD3/4 is essential in chromatin 
targeting and remodeling activities of NuRD.
PTMs on H3K9 facilitate dissociation of H3 tail from NCP
Considering the H3K9me3- and H3K9ac-dependent enhancement in binding of CHD3 
PHDs, we examined the effect of these PTMs on the position of H3 tail and its accessibility 
within the intact nucleosome using molecular dynamics (MD) simulations. Consistent with 
our recent observations, we found that the unmodified H3 tail is positioned in close 
proximity to and aligns with nucleosomal DNA in the intact NCP (Fig. 6a and b, blue color). 
However in the presence of trimethylated K9 or acetylated K9, the H3 tail partially 
dissociates from the NCP and therefore is more accessible (Fig. 6a and b, orange and red 
color). The atomic resolution structures of canonical PHD fingers, including that of PHD2 of 
CHD4, show an extended PHD-H3 interface with residues from 1 to up to 10 of the H3 
peptide forming direct contacts with the PHD finger (Mansfield et al., 2011; Musselman and 
Kutateladze, 2011). We therefore evaluated the accessibility of residues 1–10 of histone H3 
(H31–10) through calculating radii of gyration (Rg) for the modified and unmodified H3 tail 
in the NCP. Compared to the Rg value for the unmodified H31–10 tail in the wild type (wt)-
NCP, Rg values for the corresponding tails in H3K9ac-NCP and H3K9me3-NCP were 
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significantly higher, pointing to an increase in overall accessibility of these residues (Fig. 
6c). In further support, a substantial increase in the solvent accessible surface (SAS) areas 
for the H31–10 tails in H3K9ac-NCP and H3K9me3-NCP compared to wt-NCP (41 Å2 and 
121 Å2, respectively) indicated that H3K9me3 and H3K9ac tails in NCP are more freely 
available to the CHD3 PHDs than the unmodified H3 tail (Fig. 6d and e).
To validate the MDs data, we probed intra-nucleosomal binding of the H3 tail by measuring 
reaction rates in modified NCPs. Four mutants of H3C110A were generated via replacing 
K9, K14, K18 and K23 individually with the acetyllysine mimetic, glutamine. In addition, 
either S10 or A21 in each resultant mutant of H3C110A was substituted with a cysteine 
residue (Fig. 6f). Reconstituted NCPs containing the mutated H3 proteins and wild-type 
histones H2A, H2B, and H4 (and similarly mutated DNA-free H3/H4 tetramers) were then 
reacted with fluorescein-5-maleimide, and reaction rates and conformational equilibrium 
constants (Kconf,) were determined (Fig. 6g). Analysis of the conformational equilibrium 
constants revealed that the unmodified H3 tail binds tightly to the nucleosome surface (Kconf 
of ~ 0.05). However, replacing K9 with an acetyllysine mimetic resulted in a ~two-fold 
increase in the average Kconf value, whereas the effect of other K-to-Q substitutions tested 
was less pronounced. Collectively, MDs and chemical reactivity results point to a unique 
feature of PTMs on H3K9 that notably weaken intra-nucleosomal H3 tail binding and boost 
the H3K9 accessibility to readers.
Concluding remarks
Chromatin remodeling is required for genome function and stability and is facilitated by a 
number of ATP-dependent remodeling complexes. Critical to orchestrating formation of 
proper chromatin structure and execution of transcriptional programs is the ability of these 
complexes to interpret the local chromatin landscape. This is mediated in part through the 
action of histone readers within the complex, which can sense the histone modification states 
and regulate, recruit, or stabilize the complex accordingly. CHD3 is an ATPase and 
component of the NuRD complex, a chromatin remodeler and transcriptional regulator 
(Tong et al., 1998; Wade et al., 1998; Xue et al., 1998; Zhang et al., 1998). In this study we 
report that the CHD3 subunit of the NuRD complex is not redundant to the homologous 
CHD4 subunit and that the tandem PHDs of CHD3 are histone readers that engage distinct 
histone tails selecting for methylated or acetylated H3K9.
It is interesting that the CHD3 PHD fingers are capable of sensing two histone PTMs that 
are often linked to opposite biological outcomes, however this ability can be essential for 
distinguishing a particular epigenetic state. It also implicates CHD3 PHDs in multiple and 
dynamic functions of the NuRD complex which operates on H3K9ac-containing and 
H3K9me3-containing chromatin. One of the H3K9ac-related activities of NuRD is the 
transcriptional regulation. NuRD localizes to promoter-proximal regions of its target genes 
and deacetylates histones via the HDAC1/2 subunit, promoting silencing of these genes 
(Reynolds et al., 2012a; Reynolds et al., 2012b; Xie et al., 2012). Previous observations and 
data presented in this study demonstrate that CHD3 co-localizes with other subunits of 
NuRD and H3K9ac near promoters and therefore binding of PHDs to H3K9ac would help in 
stabilizing the complex.
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NuRD is implicated in a wide range of nuclear events that require sliding of nucleosomes, 
and it can facilitate both closing and opening of chromatin. The nucleosome sliding and 
chromatin remodeling function of NuRD requires the catalytic activity of the ATPase 
subunit but is independent of deacetylation by HDAC1/2. The importance of NuRD for 
heterochromatin maintenance and assembly is particularly well established and is coupled to 
methylation of H3K9. Thus interaction of the CHD3 PHD fingers with H3K9me3 could aid 
in both heterochromatin targeting and remodeling as our data show that PHDs promote 
H3K9Cme3-nucleosome destabilization in vitro and lead to redistribution of pericentric 
heterochromatin markers, H3K9me3 and HP1γ in vivo. Furthermore, MDs and 
nucleosome-reaction rates assays suggest that PTMs that increase hydrophobic character of 
H3K9 uniquely alleviate the intra-nucleosomal contacts of the histone H3 tail, freeing the 
lysine side chain for binding of PHDs.
We note though that to fully understand the multifaceted biological roles of CHD3, 
characterization of the entire CHD3/NuRD complex is required. Further studies are also 
needed to elucidate an intricate crosstalk involving not only the gene regulatory and 
nucleosome remodeling activities of NuRD but also the associated coregulator-mediated 
events, including demethylation of H3K4 by LSD1 (Whyte et al., 2012), histone H2A.Z 
deposition (Yang et al., 2016), a co-factor control (Zhang et al., 2011), and deacetylation of 
H3K27 followed by its methylation by PRC2 complex (Reynolds et al., 2012b).
Methods
DNA cloning and protein purification
The following constructs were cloned into pGex6p1: PHD1 (373–427), PHD2 (454–508) 
and PHD1/2 (373–508) of CHD3. The constructs were expressed in Escherichia coli BL21 
DE3 pLysS cells grown in Luria Broth or 15NH4Cl minimal media supplemented with 50 
µM ZnCl2. Bacteria were harvested by centrifugation after induction with IPTG (0.5–1.0 
mM) and lysed by sonication. The unlabeled and 15N-labeled GST-fusion proteins were 
purified on glutathione Sepharose 4B beads, and the GST tag was cleaved with Prescission 
protease. The proteins were concentrated into 20 mM Tris pH 6.8, in the presence of 150 
mM NaCl and 3 mM DTT.
Genomic data analysis
Raw ChIP-seq data of H3K9ac, H3K9me3, MTA3, HDAC1 and CHD4 in K562 cells were 
downloaded from the ENCODE Project (https://www.encodeproject.org) (Consortium et al., 
2007). Analysis of the CHD3-bound regions was performed using the GEO ChIP-seq data 
set SRX1181992 in LNCaP cells. The raw reads were mapped to human reference genome 
NCBI 36 (hg19) by Bowtie 1, allowing up to 2 mismatches. The ChIP-seq profiles were 
generated using Model-based analysis of ChIP-seq (MACS) 1.4.2 with only unique mapped 
reads. Clonal reads were automatically removed by MACS. The ChIP-seq profiles were 
drawn using the UCSC Custom tracks utility. Peaks within a 1 kbp neighborhood were 
merged across multiple samples by peak overlap analysis. Venn diagrams were prepared 
using the VennDiagram R package (https://cran.rproject.org/web/packages/VennDiagram/
index.html).
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Nucleosome preparation
6× His-tagged or untagged H. sapiens histones H2A, H2B and H3.2 were expressed in 
Escherichia coli BL21 DE3 RIL cells and H. sapiens histone H4 in E. coli BL21 DE3 pLysS, 
isolated from inclusion bodies and purified using Ni-NTA beads (Qiagen, 30250) or ion 
exchange. To reconstitute the octamer, appropriate molar ratios of all four 6× His-tagged or 
untagged histones were mixed in denaturing conditions and dialyzed against 20 mM Tris-
HCl pH 7.5, 2 M NaCl, 1 mM EDTA and 5 mM DTT. 6× His-tag was cleaved off from the 
histones octamer overnight by adding Tobacco Etch Virus (TEV) and PreScission proteases. 
The octamer was further purified by size exclusion chromatography.
Thirty-two copies of 147 bp 601 Widom DNA were cloned in pJ201 with EcoRV cut sites 
on either end. The plasmid was purified as described (Dyer et al., 2004) and individual 
copies were released with EcoRV digestion. Purification away from parent plasmid was 
done by PEG precipitation. The unmodified nucleosome core particles (NCPs) were 
reconstituted as described previously (Dyer et al., 2004). Briefly, 601 Widom DNA and 
purified octamer were mixed at the appropriate molar ratio in 2 M KCl/NaCl, 10 mM Tris 
pH 7.5, 1 mM DTT, and then reconstituted by slow desalting dialysis into the final solution 
of 150 mM KCl/NaCl, 10 mM Tris pH 7.5, 1 mM DTT. NCPs were further purified from 
free DNA by sucrose gradient.
NMR Spectroscopy
NMR experiments were performed on a Varian 600 MHz and 500 MHz spectrometers at the 
University of Colorado School of Medicine NMR core facility or on a Bruker 800 MHz 
spectrometer at the University of Iowa. 1H,15N HSQC or TROSY-HSQC spectra of 0.05–0.1 
mM uniformly 15N-labelled CHD3 PHDs were collected at 298 K or 310 K (nucleosome 
titration). The binding was characterized by monitoring chemical shift changes in 1H,15N 
HSQC or TROSY spectra upon addition of modified and unmodified histone H3 peptides 
(aa 1–12, synthesized by Synpeptide) and nucleosomes.
Fluorescence spectroscopy
Spectra were recorded at 25°C on a Fluoromax-3 spectrofluorometer (HORIBA). The 
samples containing 0.5–1 µM CHD3 PHDs in 20 mM phosphate (or 25 mM Tris) pH 7.5, 
150 mM NaCI, 3 mM DTT buffer and progressively increasing concentrations of the histone 
peptides (aa 1–12 of H3) were excited at 295 nm. Emission spectra were recorded between 
320 and 360 nm with a 0.5 nm step size and a 0.5 s integration time and averaged over 3 
scans. The Kd values were determined using a nonlinear least-squares analysis and the 
equation:
where [L] is the concentration of the histone peptide, [P] is the concentration of the protein, 
ΔI is the observed change of signal intensity, and ΔImax is the difference in signal intensity 
of the free and bound states of the protein, or ΔI=ΔImax[L]/(Kd+[L]). The Kd values were 
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averaged over two or three separate experiments, with error calculated as the standard 
deviation between the runs.
Pull-down assays
The GST-CHD3-PHD1/2, GST-CHD3-PHD1 and GST-CHD3-PHD2 proteins (50 pmol per 
reaction) were incubated with 500 pmols of each biotinylated histone peptide for 2 h at 4 °C 
in peptide binding buffer (50 mM Tris pH 8.0, 300 mM NaCl, 0.1% NP-40, and 1 µM 
ZnCl2) supplemented with 0.5% (w/v) BSA (Sigma). The protein-peptide mixtures were 
then incubated with pre-equilibrated streptavidin-coated magnetic beads (Pierce) for 1 
additional hour at 4 °C. The beads were washed three times with peptide binding buffer. The 
protein-peptide complexes were eluted with 1× SDS loading buffer, resolved on SDS-PAGE, 
and transferred onto a PVDF membrane. Bound proteins were detected using an anti-GST 
antibody (EpiCypher Inc.; Cat. No. 13–0022) diluted 1:2000 in TBS-T supplemented with 
5% (w/v) milk.
Methyllysine analogue generation
Histone H3(C110A)K9C point mutant was generated by site-directed mutagenesis using the 
Stratagene QuickChange XL kit and purified as described above. The histone H3K9Cme3 
was generated by alkylation of H3K9C with (2-bromoethyl) trimethylammonium bromide 
following the protocol (Simon et al., 2007). After desalting the protein was dialyzed into 
water and re-lyophilized. Labeling was confirmed by MALDI-TOF mass spectrometry.
Fluorescence polarization
H3K9Cme3-NCPs were prepared similarly to those used for FRET assays except that the 
nucleosomal DNA was labeled with Fluorescein instead of Cy3 and nucleosomes contained 
unlabeled wild type H2A. Fluorescence polarization measurements were carried out with 
increasing amounts of CHD3 PHD1/2 and 5 nM nucleosomes in 15 mM Tris pH 7.5 buffer 
supplemented with 75 mM NaCl, 0.00625% Tween20, and 3 mM dithiothreitol. The samples 
were loaded into a Corning round bottom polystyrene plate and the anisotropy measurement 
were acquired with a Tecan infinite M1000Pro plate reader by exciting at 470 nm and 
measuring polarized emission at 519 nm with 5 nm excitation and emission bandwidths. The 
fluorescence polarization was calculated from the emission polarized parallel and 
perpendicular to the polarized excitation light essentially as described (Canzio et al., 2013). 
The data was fit to the binding isotherm: (CF-C0) / (1+S1/2/[CHD3]) + C0, to determine the 
S1/2. [CHD3] is the total concentration of CHD3 PHD1/2, and CF and C0 are the final and 
initial polarization values, respectively.
EMSA
Electrophoresis mobility shift assays were carried out using 5 nM Cy3-Cy5 labeled 
H3K9Cme3-NCPs in 8.3 mM Tris-HCl (pH 7.5), 62.5 mM NaCl and 1.25 mM dithiotheritol. 
Each sample containing 2.5% Ficoll 400 was loaded onto a 5% native polyacrylamide gel 
and electrophoresis was performed in 0.3× TBE at 300V for 60 min. Cy5 fluorescence 
images were acquired with a Typhoon Phosphor Imager (GE Healthcare).
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FRET assays
Nucleosomal DNA, 601L was prepared by PCR from a plasmid containing the LA binding 
site at bases 8–27 with the Cy3-labeled oligonucleotide, Cy3-
CTGGAGATACTGTATGAGCATACAGTACAATTGGTC and the unlabeled 
oligonucleotide, ACAGGATGTATATATCTGACACGTGCCTGGAGACTA. The Cy3 
labeled oligonucleotide was labeled using a Cy3-NHS ester (GE Healthcare) at a 5’ amino 
group and purified by RP-HPLC on a 218TPTM C18 (Grace/Vydac) column. Expression 
and purification of human histones and LA, the labeling of recombinant H2AK119C–H2B 
heterodimer with Cy5-maleimide, and reconstitution and purification of Cy3-Cy5 labeled 
wt-NCP and H3K9Cme3-NCP was performed essentially as described (Gibson et al., 2017).
FRET efficiency measurement experiments were carried out on a Horiba Scientific 
Fluoromax 4. Samples were excited at 510 and 610 nm and the photoluminescence spectra 
were measured from 530 to 750 nm and 630 to 750 nm for donor and acceptor excitations, 
respectively. Each wavelength was integrated for one second, and the excitation and 
emission slit width were set to 5 nm with 2 nm emission wavelength steps. FRET 
measurements were computed through the (ratio)A method. LA titrations were carried out 
with 5 nM nucleosomes in 15 mM Tris pH 7.5 buffer, supplemented with 75 mM NaCl, 
0.00625% Tween20, and 10% glycerol. CHD3 PHD1/2 titrations were carried out with 75 
nM H3K9Cme3-NCP in the presence of 1.1 nM LA. Titrations were fit to E = E0 + (Ef − 
E0)/(1 + (S1/2/C)), where E is the FRET efficiency at concentration C of the titrant, E0 the 
efficiency in the absence of the titrant, Ef the efficiency at high titrant concentration, and S1/2 
is the inflection point. Errors represent a standard deviation based on three experiments.
Cell culture, Immunofluorescence and imaging
HEK293T cells were purchased from ATCC and maintained in DMEM/F12 medium 
(Gibco) supplemented with 10% FBS. Cells were transfected using Lipofectamine 2000 
according to the manufacturer’s protocol (Invitrogen). Transfected 293T cells were FACS 
sorted based on GFP intensity (BD FACSAria II), and immunofluorescence was performed 
as described (Musselman et al., 2012b). Images were collected on a Zeiss Axiovert 200 
imaging system equipped with an Axiocam MR digital camera controlled by AxioVision 
software.
MD simulations
The molecular dynamics simulations in the presence of NCP were carried out using an 
adaptive lambda square dynamics (ALSD) enhanced sampling method essentially as 
described (Ikebe et al., 2016). The initial structure of the nucleosome with a 10 bp linker 
was modeled using NCP structures (1kx5 and 1zbb). In the calculation, only atoms within a 
sphere of 54Å radius at the root of the H3 tail (a nitrogen atom in the 40-th residue) were 
considered. The simulations were carried out with an explicit solvent model at a salt 
concentration of 150 mM. The force fields used are an AMBER-based hybrid force field, 
AMBER bsc0, TIP3P, and Joung-Cheatham for proteins, DNA, water molecules and ions, 
respectively (see references in (Ikebe et al., 2016)). The point charge parameters for 
acetylated and tri-methylated lysines were taken from http://pc164.materials.uoi.gr/
dpapageo/amberparams.php.
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To speed up the conformational sampling, 256 independent simulations were conducted with 
different initial conformations. For each of the systems, we carried out the ALSD production 
run for 7.68 us (= 30 ns × 256 runs) in total after ALSD iterative runs [8.704 us (34 ns × 256 
runs) for K9me3, and 14.848 us (= 58 ns × 256 runs) for K9ac] to realize a random walk on 
the λ axis. The conformational ensembles obtained by the production run were analyzed 
after reweighted at λ = 1 based on a reweighting scheme, which corresponds to 
conformations in the physiologically-relevant condition (300 K and 1 atm).
NCP-reaction rates measurements
Recombinant wild-type Xenopus histones H2A, H2B, H4 and histone H3 (C110A) with 
cysteine and lysine-to-glutamine mutations in the H3 tail as indicated in Fig. 6f, and 
corresponding NCPs were generated as described (Wang and Hayes, 2007). NCPs were 
reduced in 10 mM DTT for 2 h at 25 °C, and stored at −80 °C after removing DTT by 
exchanging buffer to 10 mM Tris-HCl, pH 8.0, 10% glycerol. Samples of 0.8 µM NCPs 
were reacted with 5.6 µM fluorescein maleimide (FM) at the salt concentration of 150 mM, 
and the reactions were stopped by adding DTT to a final concentration of 5 mM. Reactions 
of free H3/H4 tetramers with FM were performed using quenched-flow (Kintec), as 
described (Wang and Hayes, 2007). The extent of FM conjugation with H3 was analyzed by 
running samples on a 15% SDS-PAGE gel. Band intensities in fluorographs were quantified 
using ImageQuant (Molecular Dynamics). Reaction rate constants and global fits were 
determined using the standard single phase exponential equation, At=A0(1-e− kt) in 
GraphPad Prism. Kconf was calculated from the free protein and nucleosome reaction rates 
as described (Wang and Hayes, 2007).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights
CHD3 occupies H3K9ac-enriched promoters of NuRD target genes
PTMs that increase hydrophobicity of H3K9 enhance binding of the PHD fingers of 
CHD3
Methylation or acetylation of H3K9 increases H3 tail accessibility
Targeting of modified H3K9 by CHD3 might be essential for diverse NuRD functions
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Figure 1. CHD3 co-localizes with HDAC1 and H3K9ac at NuRD-target genes
(a) A diagram of CHD3. (b) The CHD3/NuRD complex subunit composition. (c, d) Venn 
diagrams showing overlap of the CHD3-, HDAC1-, and MTA3-bound genomic regions (c) 
and of the CHD3-, H3K9ac-, and H3K9me3-bound genomic regions (d). (e) ChIP-seq 
profiles of the NuRD components (MTA3, HDAC1, and CHD4) and histone marks (H3K9ac 
and H3K9me3) in K562 cells, and of CHD3 in LNCaP cells (SRX1181992) are shown. The 
three lower tracks correspond to the representative RefSeq genes, as well as DNase I 
Hypersensitivity clusters and Transcription Factor ChIP-seq binding sites, derived from the 
ENCODE project and the ENCODE Factorbook repository. See also Figures S1 and S2.
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Figure 2. PTMs on H3K9 enhance binding of the CHD3 PHD fingers to the H3 tail
(a, d) Superimposed 1H,15N HSQC spectra of CHD3 PHD1 (a) and PHD2 (d) collected 
upon titration with indicated histone H3 peptides (aa 1–12). Spectra are color coded 
according to the protein:peptide molar ratio. (b) Binding affinities of the CHD3 PHD fingers 
to indicated histone peptides as measured by tryptophan fluorescence. Error bars represent a 
standard deviation based on two separate experiments. (c, e, f) Representative binding curves 
used to determine the Kd values for PHD1 and PHD2 by tryptophan fluorescence. (g) The 
ribbon diagram of the CHD4 PHD2-H3K9me3 complex (PDB: 2L75). The H3K9me3 
peptide and two zinc ions are shown as a light green ribbon and gray spheres, respectively.
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Figure 3. Histone-binding activity is conserved in the linked CHD3 PHD1/2
(a) Alignment of the CHD3, CHD4 and CHD5 sequences: absolutely, moderately and 
weakly conserved residues are colored purple, pink and cyan, respectively. The 
phenylalanine in the PHD2 finger of CHD4 involved in the interaction with K9me3 is 
indicated by a red dot. Asterisks indicate the zinc-coordinating cysteine residues. % of the 
negatively charged residues in each linker is shown. (b) Overlays of 1H,15N HSQC spectra 
of CHD3 PHD1/2 collected as indicated histone H3 peptides (aa 1–12) were added stepwise. 
(c, d) Western blot analysis of pull-downs using indicated GST-CHD3 constructs and 
indicated biotinylated histone H3 peptides. (e, f, g) Representative binding curves used to 
determine the Kd values for PHD1/2 by tryptophan fluorescence. (h) Binding affinities of 
CHD3 PHD1/2. Error bars represent a standard deviation based on two separate experiments 
(three for H3K9me3). See also Figure S3.
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Figure 4. Natively linked PHDs engage histone H3 tails in nucleosomes
(a) Superimposed 1H,15N TROSY-HSQC spectra of CHD3 PHD1/2 recorded upon titration 
with nucleosome. (b) Binding affinity of the CHD3 PHD1/2 fingers to H3K9Cme3-NCP as 
measured by fluorescence polarization. Error bars represent a standard deviation based on 
three separate experiments, (c) EMSA with H3K9Cme3-NCP in the presence of indicated 
amounts of CHD3 PHD1/2.
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Figure 5. CHD3 PHDs decrease H3K9Cme3-NCP stability and alter the heterochromatin 
structure
(a) Crystal structure of the NCP (PDB ID: 1KX5) with histones (green ribbon), H3K9Cme3 
(orange circle), Cy5 at H2AK119C (purple circle), Cy3 at the 5 prime end of 601L (cyan 
circle), and the LA target site (purple) are shown and labeled. (b) Normalized change in 
FRET efficiency of the Cy3-Cy5 labeled wt NCP and H3K9Cme3-NCP due to titration of 
LA. Error bars represent a standard deviation based on three separate experiments. (c) 
Normalized change in FRET efficiency of the Cy3-Cy5 labeled H3K9Cme3-NCP upon 
addition of CHD3 PHD1/2 in the presence of 1.3 µM of LA. Error bars represent a standard 
deviation based on three separate experiments. (d) CHD3 PHD1/2 induce changes in 
pericentric heterochromatin. Representative images of immunofluorescence performed in 
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sorted GFP and GFP-CHD3 PHD1/2 cells. Cells were spotted onto slides and stained for 
H3K9me3, H4K20me3, HP1y, and HP1α. Scale bar, 10 µm. See also Figure S4.
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Figure 6. An increase in hydrophobicity of H3K9 facilitates dissociation of histone H3 tail from 
NCP
(a) Differences in the spatial distributions of H3K9ac (orange) and unmodified H3 (blue) 
tails in the corresponding NCP models. (b) Differences in the spatial distributions of 
H3K9me3 (pink) and unmodified H3 (blue) tails in the corresponding NCP models. (c) Rg 
distribution values for H3, H3K9ac and H3K9me3 tails (all aa 1–10) in the respective NCPs. 
The error was calculated using 256 independent MD simulations. (d, e) Solvent accessible 
surface areas calculated for heavy atoms in H3 (aa 1–10) in wt-NCP, H3K9ac-NCP and 
H3K9me3-NCP. The error bars represent the standard deviation calculated using 256 
independent MD simulations. (f) Schematic showing amino acid sequence and mutated 
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positions in the histone H3 tail of NCPs. (g) Conformational equilibrium constant (Kconf) 
determined for each indicated wt and modified NCP. Error bars represent a standard 
deviation based on three separate experiments.
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